In scenarios with large extra dimensions (LEDs), the fundamental Planck scale can be low enough that collisions between high-energy particles may produce microscopic black holes. High-energy cosmic neutrinos can carry energies much larger than a PeV, opening the door to a higher energy range than Earth-based colliders. Here, for the first time, we identify a number of unique signatures of microscopic black holes as they would appear in the next generation of large-scale neutrino observatories such as IceCube-Gen2 and the Pacific Ocean Neutrino Explorer. These signatures include new event topologies, energy distributions, and unusual ratios of hadronic-to-electronic energy deposition, visible through Cherenkov light echos due to delayed neutron recombination. We find that the next generation of neutrino telescopes can probe LEDs with a Planck scale up to 6 TeV, though the identification of unique topologies could push their reach even further.
neutrinos propagate through the Earth. In addition, Ref. [40] discussed low energy muons with high multiplicity showers as a signature of black holes and Ref. [41] proposed the search for rare muon tracks with large angular separation. Gravity-mediated elastic neutrino-nucleus scattering was also considered in Ref. [42] : even without BH formation, such events can lead to new and unique observational signatures. Despite those preliminary studies, the distinction between gravity-mediated and Standard Model interactions remains unclear, and a full phenomenological analysis has never been performed. Our goal in this work is therefore to construct a complete set of observable signatures and quantify the prospects of detection in the next generation of large-scale neutrino observatories.
At these masses, BH evaporation is effectively instantaneous. Particle emission from BH evaporation follows a thermal distribution with a Hawking temperature T H = (d − 2)/r H , where d is the number of extra dimensions. For a black hole mass of M • ∼ TeV, this corresponds to T H ∼ a few hundred GeV. The BH will only emit a few (∼ 6-20, depending on initial BH mass) particles in its decay. Because of the high Hawking temperature, these evaporation products will be drawn from every Standard Model (and potentially BSM [26] ) degree of freedom. Because interactions are observed in the "fixed-target" frame, evaporation products will be highly collimated. Searches for high-multiplicity events become difficult, as electronic and hadronic events lead to immediate cascades, while tracks from longer-lived particles (muons and taus) will lie on top of each other. Missing momentum cannot be detected, because the momentum of the incoming neutrino is unknown. We have identified several key signatures that can indicate the creation and subsequent decay of microscopic black holes in neutrino telescopes:
1. Flavor composition. For sufficiently distant sources, the mixing of neutrino flavors via oscillation should result in an approximately even mix of flavors arriving at the detector. While this is true in both Standard Model interactions and the black hole-production scenario, the characteristics of the detected events from which incoming neutrino flavor inferences are made will be different. The topology of a neutrino-nucleus interaction is the principal ingredient in inferring the flavor composition of astrophysical neutrinos. Possible topologies are cascades (also called showers), muon and tau tracks, and at energies > 10 PeV, the double bang (or double cascade) signature produced by a τ ± decaying electronically or hadronically far enough away from the primary vertex to be separately identified. As BHs can evaporate democratically to all degrees of freedom (as long as their masses are lower than the BH mass and the Hawking temperature), we will show that they yield a very nonstandard ratio of topologies, which can look like unitarity violation in the neutrino oscillation matrix if they are interpreted assuming Standard Model processes -indicating the possible presence of new physics.
2.
Topology. In addition to changing the ratio of topologies, BH events also yield a lower amount of energy deposition into leptonic final states, with respect to the accompanying hadronic shower due to the high multiplicity of BH decay products. This manifests itself as a lower ratio of muon-to-shower energy, and a lower ratio of energies between the second and first showers seen in double-bang events. In addition to the three topologies outlined above, BHs can produce multiple tau leptons, which can decay at different times yielding an n-bang signature. If a muon is also produced, it will be highly collimated with the taus, producing a kebab-like signature of multiple cascades arrayed on a muon track. If more than one muon is produced from BH decay, multiple tracks are expected in an event. Finally, if one of the decay products remains energetic enough, it may interact with the nucleus and yield another black hole bang in the detector.
3. Cherenkov light timing. Because a majority of events will take the form of cascades, we will focus on a method of discriminating the proportion of electronic to hadronic energy deposition in shower events. It was shown in Ref. [43] that the initial Cherenkov shower produced by neutrino-nucleus deep inelastic scattering (DIS) events is followed by a delayed muon decay signal around 10 −6 s after the initial interaction, and thereafter by a third peak due to neutron capture at 10 −3 s. The size of the neutron peak relative to the total energy can be used as a proxy for the shower composition. We will show that in the peak ratio/energy deposition plane, evaporating BHs occupy a specific region, which may allow them to be differentiated from standard charged current and neutral current interactions on a statistical basis.
While it is unlikely to be a clear diagnostic signature in the near term, an additional effect is that as CM energies rise above M , the BH formation rates can contribute to a significant rise in the total neutrino-nucleus cross section. This leads to an increase in the rate of interaction with incoming neutrino energy, which could appear as a change in the derived neutrino energy spectrum at the high end. However, this is highly degenerate with other new physics models, as well as with a simple change in the neutrino flux as a function of energy, and relies on a robust reconstruction of the incoming particle energy based on the interactions observed. It may therefore be an interesting target for future searches, but we do not propose it as a diagnostic here.
We begin our analysis by describing production and evaporation of BHs in LED models in neutrino telescopes. In Sec. III, we examine in detail the specific observational signatures of such events in an IceCube-like detector. Section III A focuses on the reconstructed flavor signature in the presence of LEDs. In Sec. III B we examine the energy distribution in track and double-bang events, and we end Sec. III by mentioning new morphological signatures.
Sec. IV focuses on Cherenkov light timing signatures, and in Sec. V, we evaluate the detection prospects at future experiments. Section VI briefly discusses the implications of micro black hole creation for vacuum stability. We conclude in Sec. VII.
II. BLACK HOLE PRODUCTION AND DECAY IN NEUTRINO TELESCOPES
With the exception of neutrinos produced in the core-collapse supernova 1987A, the first positive detection of neutrinos from beyond our Galaxy came in the form of high-energy contained events seen in the IceCube detector [44] [45] [46] [47] . Since then, over 100 such events have been catalogued [48] , extending from the tens of TeV (where the atmospheric contribution is expected to sharply fall), up to several PeV in energy. Combined with throughgoing muon signatures of neutrinos interacting outside the detector, these indicate the presence of an isotropic distribution of high energy neutrinos. These appear to follow a power law in energy, and are consistent with an extragalactic origin, likely from high-energy astrophysical processes such as active galactic nuclei. An additional contribution to the extragalactic flux of cosmogenic neutrinos is expected around E ν ∼ 10 8 GeV from collisions of ultrahigh energy cosmic rays with intergalactic radiation.
The IceCube detector consists of a cubic kilometer of ice below the geographic South Pole, instrumented with approximately 5000 digital optical modules (DOMs) designed to detect the Cherenkov light emitted by charged particles produced in high energy collisions between neutrinos and nuclei (and electrons) in the ice. The number of photoelectrons recorded acts as a proxy for the event energy, and the geometrical distribution of triggered DOMs leads to a classification in event topologies, which in turn allows for flavor information to be extracted.
The center-of-mass energy of a collision between a neutrino and a nucleon at rest is √ s = √ 2m N E ν . Therefore, probing a Planck mass M TeV requires neutrino energies of 10 PeV or more. Because of the declining neutrino flux at high energies, and to a lesser degree, the fact that high-energy showers have a large spatial extent, IceCube is likely not large enough to yield a signal with sufficient numbers of fully contained events. We perform our analyses with future experiments in mind, such as IceCube-Gen2 [49] . We will use the IceCube configuration as a template for future detectors, keeping the same detector efficiencies but scaling up detector dimensions.
The black hole production cross section from neutrino collisions with a nucleon N = n, p is [50] :
where b max = 2r (D)
is the maximum impact parameter that allows BH production and
is the Schwarzschild radius in D dimensions of a BH with mass M • = √ us. The geometric factor k D is
f (v, Q) is the parton distribution function (PDF) of the proton or neutron, where v is the fraction of energy carried by the individual parton, and Q is the momentum exchange of the collision. The sum is over all quark flavors and gluons.
Due to the nonlinearity in the formation of the black hole, part of the collisional energy, momentum and angular momentum may be lost in the form of gravitons before the black hole becomes stationary and starts Hawking evaporation. The particles emitted by Hawking radiation follow the a blackbody spectrum, modified by a "greybody factor", which depends on the particle spin and mass, and the angular momentum of the BH. Because evaporated particles are drawn from all kinematically and thermally accessible degrees of freedom, a mix of leptonic and hadronic emission is expected. Hadronic showers will dominate, because of the six quark flavors, three colors, and eight gluon degrees of freedom per helicity.
In the last stage of the evaporation when the black hole mass drops below M min where the semiclassical treatment is no longer applicable, we assume the black hole bursts into a minimum number of particles which conserve the energy, momentum and all gauge charges of the black hole [26, 51] . Some authors have proposed that an evaporating black hole might not fully decay but rather leave behind a Planck-mass relic [52, 53] , which could carry a small electric charge. This would alter the spectrum at the final stages of evaporation, and may produce distinct signatures, such as a delayed flash due to subsequent accretion and evaporation. We leave the exploration of this interesting possibility for future work, and assume total evaporation for the scenarios that follow.
We employ a set of numerical tools that we modify to model the production, evaporation, and energy deposition by microscopic black holes in the detector material. We first modify the BlackMax [50, 51] code to accept collisions between high-energy neutrinos and nuclei at rest in the detector volume. BlackMax is a Monte Carlo simulator designed to model the production and evolution of black holes at colliders. It includes relevant greybody factors of evaporation products, and can model the effects of BH rotation, brane splitting between fermions, brane tension and bulk recoil from gravition emission. For the purpose of this work, we consider only the case without rotation, splitting, brane tension, or recoil, as this case includes the simplest black hole production models (and is in some cases a conservative assumption). Rotation would likely result in a higher evaporation flux [54, 55] , though we note that superradiance may introduce other effects. Rotation would also make the emission less isotropic, but this is unlikely to have a significant impact due to the expectation of a high level of beaming. Whether or not brane tension needs to be considered depends on the extra dimension model -the ADD model [1] does not include brane tension, whereas the Randall-Sundrum model [5, 6] does; the most stringent existing limits either restrict their analysis to the former [10, 11, 56] or explicitly consider both possibilities [57] . In terms of the possibility of split branes, we assume for simplicity that the entire Standard Model is confined to the brane and only gravity can pass into the bulk.
We show in Fig. 1 the neutrino-nucleon cross section as a function of neutrino energy for a range of Planck masses M , assuming a minimum black hole mass M min = M . The cross section increases with the number of extra dimensions n but decreases quickly as the Planck scale M is raised. At M = 10 TeV the black hole production is subdominant up to E ν = 10 EeV, even assuming 6 extra dimensions. In the same figure, the black line shows the SMonly expectation including neutral current (NC, Z boson exchange) and charged current (CC, W ± boson exchange) interactions. We refer the reader to Ref. [58] for a complete discussion of how these processes are modeled. Once a spectrum of evaporation products has been produced, we pass the results to PYTHIA 8 in order to model decay of heavy states and hadronization of coloured particles [59] . We employ the CT14NNLO [60] PDFs, implemented with LHAPDF6 [61] . The latter step gives the list of four-momenta of propagating particles originating at the interaction vertex.
We will focus on the case of n = 6 extra dimensions for the results presented below. A smaller number of LEDs has the straightforward effect of lowering the BH production cross section, and thus the total event rate, but will not change the observational signatures, which are due to the high-multiplicity Hawking evaporation products.
Finally, to account for energy deposition of these interaction products in the detector volume as Cherenkov light, the PYTHIA results are fed into FLUKA [62, 63] , a multiparticle transport code that accounts for interaction of high-energy particles in matter. We return to the details of our FLUKA simulations in Sec. IV. We now turn to specific signatures of BHs that can be identified with our simulations.
III. EVENT TOPOLOGY
The spatial distribution of deposited electromagnetic energy in the detector volume is known as the event topology. Different topologies are due to the difference in final-state products from neutrino-nucleus interactions in the ice. Because microscopic black holes will evaporate to a subset of every SM degree of freedom, the set of final-state particles -and thus the event topology -can be expected to be markedly different from the SM case.
Showers (or cascades) occur when energy is immediately deposited in a roughly spherical distribution leading to a large, but contained, signal. Tracks are produced by muons (or, at very high energies, taus, though their energy deposition rate is much lower) as they propagate away from the interaction vertex, eventually escaping the detector. A third topology, the double-bang (or double cascade), is expected if charged tau production and decay both occur within the detector, with a large enough spatial separation to identify two separate but correlated cascades. Timing information can additionally be used to narrow down the origin of each topology. This has been used for example to search for double-pulse events, in which the double-bang from tau decay cannot be resolved in space. We return to the use of timing in Sec. IV.
In the following, we will employ a set of criteria to determine the observed topology of each event that we simulate.
1. If one or more high-energy muon is produced with a total energy above a certain threshold (1 TeV in the following sections), the event is classified as a track. These muons can be produced directly from the BH evaporation, or from the decay of intermediate tau leptons. Besides muons, we also consider high energy taus (5 PeV or higher) produced in neutrino-nucleon interaction which decay outside the detector as track events.
2. The double bang signature is produced when the tau created from a ν τ charged current interaction decays electronically or hadronically inside the detector, leading to a visible second shower. We require the tau to travel farther than 100 m before it decays to clearly separate the second shower from the primary one [64] .
Following [65] we construct the energy asymmetry
where E 1 and E 2 are, respectively, the energies of the first and second shower. (So when E 1 > E 2 , E A > 0, and vice versa.) We require −0.98 ≤ E A ≤ 0.3. We will relax our condition on E A in Sec. III B 2 and Sec. V.
3. Events that do not meet criteria 1 or 2 are classified as showers.
We begin this section by first asking how a modified distribution of topologies from BH creation changes the inferred flavor composition at high energies. In Sec. III B, we refine our analysis to ask how the energy distribution in track and double-bang events is modified by black hole creation. We discuss new, non-standard topologies in Sec. III C.
A. Flavor Composition
In SM interactions, event topology is directly related to the flavor of the progenitor neutrino. ν τ 's can produce double bangs and ν µ 's yield muon tracks, as can ν τ 's if the τ ± decays leptonically. All flavors can produce cascades via NC interactions, immediate decay of τ ± leptons, or direct production of e ± 's which deposit their energy almost immediately. Every topology is associated with an initial shower due to the momentum transferred to the nucleus and subsequent hadronic shower, making misidentification a constant concern.
The flavor composition inferred from a sample of neutrino events is a well-known diagnostic for new physics [58, [66] [67] [68] [69] [70] [71] [72] . As neutrinos propagate over large, uncorrelated distances to Earth, their flavors mix incoherently, leading to a signal that has been averaged over all flavors. Out of the possible combinations of (ν e : ν µ : ν τ ), only a small region is allowed after oscillation. Once experimental uncertainties in the mixing parameters are included, this leads to an allowed region delimited by the blue contour in the central area of the ternary plot in Fig. 4 . A reconstructed flavor composition outside of this region therefore indicates some non-unitarity in the oscillation matrix, the presence of new physics, or a misunderstanding of experimental uncertainties.
We therefore begin by asking: in the presence of BH creation from neutrino-nucleus interactions, what is the reconstructed flavor composition when the sample is analyzed assuming Standard Model processes only? We first simulate a number of BH events, and classify the topology of each event into showers (sh), tracks (tr), and double bangs (db), according to the final state particles from BH evaporation. We then proceed in a similar way to Ref. [67] , computing P ({Ξ}|(α e : α µ : α τ )), the probability of a given set of observed topologies {Ξ} conditional on each possible flavor composition, in order to reconstruct the SM interpretation of the observed events.
In the Standard Model, the total number of expected events for a topology Ξ = (sh, tr, db) is generally given by
for CC events. For NC events, only showers are produced:
where i = e, µ, τ indicates different neutrino flavors, T is the exposure time, N A is Avogadro's number, and M νi,Θ eff (E ν ) is the effective mass of the detector, for a given neutrino flavor and process. The latter can be interpreted as the quantity of target material times a detector efficiency. Att is the attenuation factor due to the absorption and regeneration of neutrinos in the Earth. We focus on ultra high energy neutrinos with 20 PeV ≤ E ν ≤ 10 EeV where the black hole production cross section can be comparable to or larger than the Standard Model cross sections. The minimum deposited energy is assumed to be 20 PeV. At such high energies the Earth is almost opaque to neutrinos. Thus only downgoing neutrinos need be considered, and Att = 1/2. M eff can be obtained by fitting the IceCube effective mass shown in Ref. [45] , where we use a fitting function as in [58] 
ρ ice = 916.7 kg m −3 and x = log 10 (E ν /10 TeV). The results are shown in the left panel of Fig. 2 and the best-fit parameters are listed in Tab. I. The fit agrees well with the IceCube effective masses, especially for neutrinos above
Left: Effective mass as a function of the incoming neutrino energy for νe CC (red), νµ CC (green), ντ CC (blue), NC (gray) and black hole productions (black), for IceCube. In this section we use the same efficiency function, but rescale the overall normalization by a factor of 7.9/0.644 to simulate the larger volume of IceCube-Gen2. The solid lines show the effective mass from the IceCube collaboration and the dashed lines are obtained from the fit. The effective mass for black hole productions is taken from the M eff (Etrue) found in [58] . Right: Weighting function f (Eν ) which governs the black hole production rates dependence on incoming neutrino energy Eν (see Eq. (9)). The maximum of the distribution is normalized to 1. In producing results in this section, we draw 1000 black hole events randomly according to this distribution. We assume the production of non-rotating black holes on a tensionless brane. For this specific case, the minimum black hole mass is set to Mmin = M = 3 TeV.
1 PeV. We also extrapolate the effective mass up to 10 EeV where the detector sensitivity is saturated. The effective mass for black hole production is taken to be the effective mass as a function of the true deposited energy obtained from [58] , since neutrinos deposit almost all of their energy in the detector. We wish to evaluate the detection prospects of a detector the size of the planned IceCube-Gen2 [73] . We model it as a 7.9 km 3 cylindrical detector with a height of 1.25 km and a radius of 1.42 km, about 10 times larger than the current IceCube detector. We assume 10 years of exposure, which is equivalent to ∼ 100 IceCube-years. We then classify the events into three categories according to their topologies: tracks, showers and double bangs. The cosmogenic neutrino spectrum can be approximated as a powerlaw with a spectral index γ, estimated to be between 2 and 3. For better event reconstruction we assume the optimistic neutrino energy spectrum with the spectral index γ = 2. The total all-flavor astrophysical neutrino flux is therefore given by
with the same normalization as in [48] where φ astro = 6.45. We also assume the neutrino flux has no angular dependence. The expected number of events with different topologies in Standard Model processes are obtained from Eqs. (5) and (6). The total cross section for different neutrino-nucleon scattering processes is shown in Fig. 3 . We refer the reader to Appendix A for more technical details. Black hole production is independent of the incoming neutrino flavor. To obtain the event topology from black hole decay, we simulate 1000 black hole events using modified BlackMax. We then pass the evaporation products to PYTHIA 8 for hadronization and heavy particle decay. Black hole production as a function of neutrino energy is weighted according to the all-flavor neutrino flux dφ 6ν /dE ν , the production cross section and the flavor-independent detector efficiency based on [58] for a true deposited energy of E ν is:
which is also shown in the right panel of Fig. 2 .
The black hole production cross section σ BH ν is obtained assuming M = 3 TeV and 6 extra dimensions (see Fig. 1 ). Taus are allowed to randomly travel a certain distance before decay, according to the probability distribution of their lifetime. We implement the criteria outlined above to select the track, shower and double bang events (see Appendix A for more details). We also require the muon energy to be higher than 1 TeV [74] to avoid the low energy muons produced in the hadronization secondaries. If both muon track and tau double bang are seen, we consider it as a double bang event.
The expected number of events in Standard Model interactions and black hole production is summarized in Tab. II, as given by
where f Ξ with Ξ = tr, sh, db is the fraction of track, shower and double bang events obtained from the black hole simulations described above. Black holes produce more showers than tracks since only a limited number of particles are emitted in black hole evaporation, and muons and taus only make up a small fraction of the emission. We note that as the black hole mass increases, more particles can be emitted, which significantly increases the probability of muon production. As we can see from the right panel of Fig. 2 , the energy distribution of incoming neutrinos which produce black holes features a non-negligible tail at 100 PeV or higher energies, which explains the larger track-to-shower ratio for black holes. It should also be noted that f db decreases from 6% to about 0.2% once the energy asymmetry condition is implemented, meaning that the tau emitted is usually less energetic compared with the particles which initiate the primary shower.
We would like to see how the black hole production in such a future detector would affect the reconstruction of the flavor composition at the Earth. To do so we generate mock data as the sum of Standard Model and black hole events from Tab. II assuming (1 : 1 : 1) favor ratio, i.e. N tr = 50, N sh = 99 and N db = 3. We then reconstruct the flavor composition assuming Standard Model-only interactions. We follow a similar procedure as in Ref. [67] by constructing the likelihood
where i = e, µ, τ and Ξ = tr, sh, db. N Ξ νi is the expected number of events for a topology from the Standard Model interaction of neutrino flavor i, given in Tab. II. The atmospheric neutrino background is negligible in this energy range (20 PeV to 10 EeV) [75] . N a is a normalization factor for the neutrino flux and can be treated as a nuisance parameter which we vary to maximize the likelihood given a certain flavor composition. We construct the test statistic
where in the denominator {α i,⊕ } is also varied to obtain the maximum likelihood for all possible flavor compositions.
Since λ asymptotically approaches a χ 2 distribution [67], we translate it to p−values using Wilks' theorem. The results are shown in Fig. 4 . Due to the paucity of double bang events in black hole decay, the preferred region is away from large ν τ flavor content. In addition, the larger track-to-shower ratio imposes a slight preference for muon neutrinos over electron neutrinos. The flavor combination obtained from SM interactions and oscillations only is marginally contained in the 3σ region and the (1 : 1 : 1) flavor ratio is excluded at 95% CL. We end this section by noting that the choice of energy threshold in constructing the ternary plot in Fig 4 can have a significant effect on the best fit location. This is in contrast to an SM-only data sample which by construction should be robust to such choices. It is clear that a significant measurement of a flavor composition that is outside the allowed oscillation region can provide a hint for the new physics processes we are considering here. To obtain a more robust prediction of the signatures of new physics, we now turn to a detailed analysis of the track and double-bang distributions.
B. Track and double-bang energy distributions
Track events
If one of the evaporation products is a muon, a black hole event looks like a track. In contrast with SM events, in which most of the momentum is carried away by the outgoing lepton (i.e. distributions are peaked at large (1 − y) ≡ E /E ν ), a lepton produced by BH decay will only carry ∼ 1/N of the energy, where N is the total number of evaporation products. The rest of the neutrino energy is invariably released in the (mostly) hadronic shower of products that do not escape very far from the interaction vertex.
We show the shower energy and muon energy in Fig. 5 by simulating 1000 black hole production events at different Planck scales using BlackMax and 1000 ν µ CC events. As before we pass the BlackMax simulations to Pythia 8 for hadronization. E sh is the total energy of the evaporation products that initiate showers, and E µ is the total energy of the muons produced in a black hole decay. We address tau production and decay in the next subsection. The ν µ charged current events are drawn randomly according to the differential cross section dσ(E νµ )/dE µ . Here E µ is the energy of muon produced in the ν µ -nucleon scattering and E sh = E νµ − E µ . The energy of muons can in principle be reconstructed from the energy of the track as a function of track length [78] , though stochastic energy loss can lead to uncertainty in the reconstruction. Samples are drawn uniformly in log space, in order to illustrate our results across the whole energy range, up to 10 EeV. The minimum energy for black hole simulation (to achieve the necessary CM energy) is E min = M 2 /2m p where m p is the proton mass. The charged current events that we simulate start at a neutrino-proton CM collision energy of 1 TeV (E ν = 0.53 PeV).
The left panel of Fig. 5 vividly shows a butterfly shape with ν µ CC events on one wing and black hole track events on the other. Since almost all of the incoming neutrino's momentum is transferred to the muon in ν µ CC, the black FIG. 5. Left: Total energy of muons versus total energy of shower particles in black hole simulations (colored dots) and νµ CC events (black circles). Red, magenta, green and blue dots correspond to simulations with M =1 TeV, 2 TeV, 3 TeV and 10 TeV, respectively. Simulations assume n = 6 extra dimensions. Lowering n reduces the production cross section but does not affect the distributions. The dashed line depicts where Eµ = E sh , and the dotted line Eµ = 0.5E sh delineates the region in which 90% of νµ CC events are contained. Each case is based on 1000 simulations, sampled flatly in log 10 (Eν ). We require Eµ > 1 TeV for an event to be considered a track event, and black holes not producing muons are not shown. We also neglect the possible additional contributions from taus as evaporation products (See Fig. 6 ). Right: Distribution of the ratio log(Eµ/E sh ) in the total muon energy to total shower energy ratio across all energy ranges for for CC events (black histogram) and BH events with M = 3 TeV (green histogram) which produce muon tracks during evaporation for log flat neutrino flux. Dashed black and blue lines show the distribution of log(Eµ/E sh ) with E −2 spectrum instead and a minimum energy deposition of 20 PeV as described in Sec. III A. See Sec. V for details. circles are mostly above the E µ = E sh line. In the black hole case, only one muon (or, rarely, two) is emitted during evaporation, or is produced in the subsequent hadronization process. It carries only a fraction of the energy of the incoming neutrino, which is why most of the colored dots are below that line, as expected. This tendency is clearly seen also in the right panel of Fig. 5 where we show the distribution of track energy to shower energy ratio: the ratio in the black hole case extends to small values whereas it peaks at E µ 10E sh in ν µ CC. The trend is independent of incoming neutrino energy and M . This enables us to distinguish black hole tracks and ν µ CC events with E µ /E sh on a statistical basis. We note that the fraction of track events produced by BHs also decreases with increasing M due to a lower total number of particles emitted. For M =1 TeV, 2 TeV, 3 TeV and 10 TeV the fraction is 34%, 34%, 32%, 28%, respectively.
Double bang-like event
If a tau lepton is one of the evaporation products and it decays hadronically or electronically inside the detector, a black hole event produces two cascades separated by a distance c times the tau's decay time. To be classified as a double bang event, the energy of the cascades has to satisfy the energy asymmetry condition −0.98 ≤ E A ≤ 0.3, as described in the beginning of Sec. III. Here, we instead refer to all two-cascade events -whether or not they satisfy the asymmetry condition -as "double bang-like" events (abbreviated later as dbl). We simulate ν τ CC and black hole events in the same way as in our track analysis, and show the results in Fig. 6 . Simulated taus are forced to decay regardless of the distance they travel and their energy loss is neglected. Only hadronic and electronic decay events are selected and the total number of events is 1000 in each case. We also draw a horizontal solid line above which taus are more likely to leave the detector and a dash-dotted line below which most of the taus will decay within 100 m. Double-bang like events will be detectable in between. The solid line is obtained by assuming E 2 = E τ /2 where E τ cτ 0 /m τ = L (see Appendix A for L ) and the dash-dotted line is obtained with L = 100 m correspondingly.
Since we focus on high energy incoming neutrinos (PeV or higher), most of the taus produced in ν τ CC will leave the detector before decay. This is not necessarily the case however for black hole decay, where taus are only one or a few of the evaporation products which can be less energetic. The difference results in different energy distributions in the two cascades: ν τ CC is characterized by a small cascade, followed by a large shower, whereas black hole yields a large shower, followed by a smaller cascade. The distribution of the energy asymmetry is shown in the right panel of Fig. 6 . It is manifested that E A is peaked at large positive values for black hole events and ν τ CC is peaked at the negative end. The distinction is consistent with the discussion of double bang events in Sec. III A. Because the distributions do overlap, the double bang distribution can be used to exclude a BH component, but will require more statistics to infer the presence of BHs on its own.
C. New unique topologies
In addition to a modification of the production rates of events of the topologies usually seen in neutrino events, the high multiplicity of BH evaporation products can lead to new and unique event topologies:
1. High-multiplicity multitrack events. For about 12% of black hole events, more than one muon or tau track can be produced from BH evaporation. However, we find that the angular separation between tracks is below 0.02 • (typically ∼ 0.001 • ) due to beaming -much lower than the angular resolution that can optimistically be achieved with IceCube [79] , around 0.1 • .
2. The n-bang is the result of multiple tau leptons decaying electronically or hadronically at different distances from the primary interaction vertex, leading to several cascades in a row. We require the mutual separation of the bangs to be larger than 100 m. n-bangs account for about 0.2% of total BH events for E −2 neutrino spectrum between 20 PeV and 10 EeV assuming M = 3 TeV in IceCube-Gen2.
3. The kebab can occur when high-energy muons are produced simultaneously with one or more tau leptons. Tracks can either be produced by muons from BH evaporation or from tau decay within the detector, or high energy taus (above 5 PeV) escaping the detector. Kebabs account for about 3% of total BH events with the same flux assumption. Note that there is about 1% overlap between multitrack and kebab.
4. In the event that E ν M , one may even see a double black hole bang, wherein a high-energy evaporation product interacts again in the detector, producing a second BH-induced shower. multitrack n-bang kebab double black hole bang 7 . New event topologies that can arise from neutrino-nucleus interactions that result in the creation of a microscopic black hole. See text for technical description. Here we represent the black hole as a black circle. Because most evaporation products will be hadronic, electronic, or low-energy products of weak decays, there will always be a cascade at the interaction vertex. High-energy muons which propagate large distances in the ice are shown as orange arrows. The blue circles represent hadronic or electronic decays of energetic tau leptons resulting in time-delayed cascade ("bang") signatures. Note that opening angles are greatly exaggerated: because the collisions are highly boosted, these will be well below 10 −2 degrees.
These are illustrated in Fig. 7 .
Unless one of these smoking-gun signatures is seen, we have shown in this section that event topology allows for a limited identification of BH events: track and double-bang production rates can be different from the SM case, and more importantly, the ratio of track-to-shower energy (or second-to-first cascade, in the case of double-bangs) can further help distinguish BHs from SM events. In the next section, we turn to shower-type events, which represent the majority of predicted observations, and ask whether BHs lead to a unique signature there as well.
IV. CHERENKOV TIMING AND LIGHT ECHOS
In both SM and black hole events, showers are the most common topology. The main feature of a BH event is the rapid production of a large number of high-energy particles, drawn randomly from the SM. Including all polarization states and colors, a large number of those SM degrees of freedom lie in the strong (quark + gluon) sector. This means that shower-type events caused by evaporating BHs will be characterized by a high-energy hadronic shower.
In the SM, charged current ν e interactions produce an electromagnetic cascade, largely resulting in electrons and positrons, and a very few hadrons, which cascade to low energies. Electromagnetic cascades typically occur at large values of (1 − y) = E e /E ν (where y here is the Bjorken y parameter commonly used to indicate the fraction of the neutrino energy transferred to the quark), as most of the incoming neutrino's momentum is transferred to the electron. In contrast, neutral current events are seen via their hadronic cascade, which can lead to large numbers of neutrons and pions in final state. These are typically much lower in energy than the incoming neutrino, as most of the energy remains with the outgoing neutrino.
Electromagnetic and hadronic showers are not spatially distinguishable. However, given that their compositions are quite different, one can search for an "afterglow" from hadronic showers, as copious neutrons and muons decay and recombine with nuclei in the ice. Ref. [43] found that this leads to a distinctive three-peak signature in the time-evolution of the Cherenkov light produced by a high-energy neutrino. The first peak, which crests around 10 −7 s is the largest, and comes from the immediate energy deposition by primary particles. The second peak is visible between 1 and 10 µs after the first, and is due to the decay of low-energy muons produced in the shower. The third, reaching its maximum between 0.1 and 1 ms, is due to neutron capture. This three-peak signature is predicted for all types of interaction, but because CC events produce electrons which lead to very few muons (which come from meson decay) and neutrons, the amplitude of the second and third peaks should be much lower than in hadronic showers.
As in the previous section, we perform our black hole simulations using our modified version of BlackMax, and pass these results to Pythia 8 for hadronization and heavy particle decay. This output is then fed into FLUKA [80, 81] , which models subsequent propagation, decay, and interaction with the detector material, including the production of Cherenkov photons. We note one improvement with respect to the analysis in Ref. [43] : rather than treating hadronic events as a single hadron, we will include the full effects of hadronization with the aid of Pythia, which leads to slightly more overlap between NC and CC events.
The time evolution curves of the Cherenkov light produced when a single 1 PeV color-neutral particle is injected into the ice are shown in the left panel of Fig. 8 . The shower signatures clearly fall into two categories: hadrons, which produce larger second and third peaks, and electrons and photons which lead to electromagnetic showers with suppressed muon and neutron production. Different particles within each category are nearly indistinguishable from each other, but the echo energy from the hadronic shower is typically about 10 times larger than that from the electromagnetic shower. The behavior with energy scales monotonically, as shown in the right-hand panel of Fig. 8 , noting that the second and third peak are perfectly correlated (as also shown in [43] ). We therefore use π + as a proxy for hadrons, and electrons for electromagnetic showers. Because of the larger time separation, we will focus on the third and first peaks. To estimate the total peak energy, we count the photons before 1 µs for the first peak, and after 16 µs as the third peak. The primary peak from the decay of any tau event that is not long-lived enough to be seen as a double-cascade will thus not overlap with the third echo. The peak energies scale almost linearly with the particle energy. In Tab. III, we provide coefficients for the peak energy fit to a power law: E p = b(E/GeV) a GeV, where E p and E are respectively the energy of the peak and the injected particle. The y-axis is in arbitrary units. Relatively long-lived particles are simulated including π + (solid red), π − (dashed red), proton (solid magenta), antiproton(dashed magenta), neutron (solid green), antineutron (dashed green), K + (solid cyan), K − (dashed cyan), K 0 L (long-lived eigenstate, dash-dotted cyan), electron (solid blue), positron (dashed blue) and photon (dotted blue)these last three overlap on the lower curve, whereas the others overlap on the upper one. Right: Energy of the first peak (line with diamonds) and third peak (line with asterisks) in the Cherenkov light spectrum as a function of particle energy. π + is shown in red and electron is shown in blue. The peak energies are normalized so that the energy of the first peak at 10 PeV equals the energy of the injected particle.
The energy of the peak is nearly proportional to the energy of the particle, except for the third peak of π + , which grows less efficiently as the particle energy increases. Although we have not simulated the propagation of particles with energy higher than 10 PeV due to computational requirements 1 , we expect that the relation in Tab. III will a b 1st peak π + 1.02 0.738 3rd peak π + 0.901 1.71 × 10 −3 1st peak e − 1.00 1.00 3rd peak e − 1.03 4.45 × 10 −5 
where Ep is the energy of the peak shown in Fig. 8 and E is the energy of the injected particle.
continue to hold up to at least 10 EeV in the absence of new interactions. We can also construct a new variable r 31 ≡ E p3 /E p1 , the energy ratio between the third and first peaks. Using the parameters in Tab. III, we find: log 10 r 31 = −0.114 log 10 E p1 − 2.65 (13) for π + , i.e. the peak ratio decreases with increasing particle energy. We will refer to Eq. (13) as the "Hadron Line", as it forms a distinctive separation on the r 31 -E p1 plane. However, actual NC events do not produce single mesons. Rather, hadronization will lead to a jet of multiple mesons and baryons as well as electrons and photons, causing the final signature to look like a linear combination of the hadronic and electromagnetic peak structures. To model this correctly, we simulate NC events by hadronizing an up quark with the momentum transfer expected in an NC event using Pythia 8. An E −2 neutrino spectrum is assumed from 20 PeV to 10 EeV as in Sec. III A. The result is shown in the left panel of Fig. 9 . We see that most of the NC events are above the Hadron Line described in Eq. 13. This is because the amplitude of each peak scales with the number of hadrons in a jet, but the ratio remains constant. This pushes the events to the right of the figure, though the occasional production of π 0 particles, which decay to photons, can lower the peak ratio in individual events.
In Fig. 9 , we also show ν e CC events after hadronization. Since most of the momentum goes into the lepton in such events, they mainly fall below the Hadron Line, the value of r 13 being determined by y.
On the other hand, black holes, which burst into a mixture of hadrons and electromagnetic particles, lie right in between. However, when compared to NC events, they cluster at higher energies. This is because the NC rate goes as ydφ/dE ν , whereas the black hole production cross section has no dependence on transferred momentum. NC events, which peak at low y, thus require a higher neutrino energy to produce a shower with the same energy. This is strongly suppressed by the power law flux.
For ν τ CC, we consider tau decays within 100 m to be showers (rather than double bang events) since in such case it will be challenging to distinguish the second cascade from the primary one. Note that for such high energy neutrinos (20 PeV or higher) tau leptons from ν τ CC are much more likely to leave a track or produce two cascades than a single shower. We nonetheless include them in the analysis. As above, we simulate ν τ CC and tau decay with Pythia 8. We see from the figure that the few ν τ CC shower events cluster at energies between 20 PeV and 400 PeV, due to the tau decay requirement. Depending on the decay channel, ν τ CC showers can reside above or below the Hadron Line.
Next, we look at the distribution of events according to their distance from the Hadron Line:
D is positive above the Hadron Line and negative below. We show the histogram of D in the right panel of Fig. 9 . As expected, NC events are mostly positive while ν e CC are negative, and ν τ CC and black hole events mainly fall into the region [−0.1, 0.1].
V. DETECTION PROSPECTS
We now determine the number of observed events required to ascertain black hole production based on showers (Cherenkov echo information) from Sec. IV, muon tracks (total track energy to shower energy ratio) from Sec. III B 1 and double-bang events (energy asymmetry) from Sec. III B 2. 
A. Showers
We begin with shower events. We again assume an isotropic, E −2 ν neutrino spectrum with (1 : 1 : 1) flavor composition and require a minimum energy deposition of 20 PeV (corresponding to a CM energy of 4.5 TeV). Note that unlike in Sec. III A, events in which taus decay in the detector after traveling farther than 100 m are classified as double-bang like events (dubbed "DBL"), regardless of the energy asymmetry E A . Events where the tau decays within 100 m are still considered as showers, unless the decay results in a muon track. As mentioned before, because of the high neutrino energy, showers from ν τ CC only make up about 2% of total shower events in SM. Combining NC, ν e CC and ν τ CC shower events in the Standard Model case, we obtain the following probability distribution for the distance D from the Hadron Line Eq. (14):
where N sh,CC νe and N sh,NC are given by Eqs. (5) and (6) , N sh,CC ντ = 0.79. f CC νe is represented by the green histogram in the right panel of Fig. 9 and f NC and f CC ντ are similar to the blue and red histograms regardless of the minimum energy deposition. In the presence of LEDs, the distribution includes both SM and BH interactions:
where N sh BH is given by Eq. (10) and f BH selects the events satisfying the minimum energy deposition condition, as in the NC case. We provide a plot of these combined distributions in Fig. 12 (Appendix B) . For low M , black holes dominate the events, while for M > 8 TeV, the distribution is barely distinguishable from the SM case. Next we generate N sh obs shower events from SM+BH distribution f SM+BH (D, M ), and compare the unbinned Poisson likelihood when reconstructing the events using SM and SM+BH distributions with the same M . We allow the flux normalization to vary and calculate the test statistic
where the likelihood is defined as:
and N a,max is chosen to maximize the likelihood in each case. From λ we then compute p-values assuming a χ 2 distribution (Wilks' theorem). The results are shown as dashed lines in Fig. 10 . We find the number of observations required to discover BHs increases dramatically with M . For M = 3 TeV at least 2, 16, and 45 events are necessary to claim a discovery at the 1σ, 3σ and 5σ CL respectively, while the numbers grow to 7 × 10 3 , 6 × 10 4 and 1.6 × 10 5 events for M = 10 TeV. 
B. Muon tracks
We then proceed to add information from muon track events. Defining ξ ≡ log 10 (E µ /E sh ), the distributions of ξ assuming an E −2 ν neutrino spectrum are shown by the dashed lines in the right panel of Fig. 5 . The distribution of the BH events is not very different from the case where they were evenly sampled across every decade in energy. However, the SM ν µ CC events shift to the left, due to the minimum energy cut we impose on the shower energy, making the distributions harder to distinguish from one another. The distribution including both SM and BH events reads
where N tr,CC νµ and N tr BH are given by Eqs. (5) and (10) . In the SM case we simply have:
The likelihood using both shower and muon track events is now
where p sh and p tr are the proportion of shower and muon track events. In the SM,
and p tr = 1 − p sh . With BH events,
and p tr is given by the same relation. We again generate mock data sets with N sh obs and N tr obs from the SM+BH distribution and build the test statistic using Eq. (17) . The results are shown as dash-dotted lines in the right panel of Fig. 10 . Compared with the shower-only analysis, this leads to a slight increase in sensitivity at low M , up to nearly an order of magnitude improvement as M rises towards 10 TeV. This is mainly because the shower signatures become indistinguishable from one another, whereas the BH events continue to generate an excess of lower-energy muons with respect to the total shower energy in each interaction.
C. Double bang-like events
Finally we add double-bang information so that all topologies are included. The distribution of the two-bang energy asymmetry in the case of an E −2 ν incoming neutrino spectrum is shown with dashed lines in the right panel of Fig. 6 . Since more energetic taus are prone to escaping the detector instead of creating a second bang, the probability of large energy asymmetry E A increases in both the SM and BH cases compared to the log flat distribution. We then arrive at our full likelihood:
In the SM case f SM (E A ) = f CC ντ (E A ). For SM+BH the distribution is similar to Eq. (19) . The frequency of each topology is recalculated in analogy to Eqs. (22) and (23) by including the expected double-bang-like events (N dbl,CC ντ = 4.77). The number of observations required in this case are shown with the shaded regions (solid lines) in Fig. 10 . We find that adding double bang information improves the sensitivity mildly only at M > 7 TeV, due to the limited fraction of double bang-like events in the total observations. We also draw green and orange lines in Fig. 10 corresponding to the expected number of observed neutrinos at future experiments with 10 years of operation in SM only (dashed) and SM+BH (solid) cases. To compute these sensitivities for IceCube-Gen2 (green), we use the effective mass discussed in Sec III A. We also include sensitivities for the proposed STRAW (also called P-ONE: Pacific Ocean Neutrino Explorer) [82] neutrino detector located off Vancouver Island. STRAW has a modular approach, and by deploying several clusters of strings, up to 50 cubic kilometers could be instrumented [83] . For this projection we take an efficiency similar to that of IceCube-Gen2, but increase the effective volume to 50 km 3 , by extending the horizontal area of the detector 2 . This scenario is depicted as orange lines in Fig. 10 .
IceCube-Gen2 allows for the discovery of BHs with M < 5.1 TeV (4.3 TeV) at 3σ (5σ) CL and STRAW/P-ONE improves the sensitivity limit to 6.9 TeV (5.9 TeV).
In Fig. 11 we show the number of observed events required to exclude (rather than discover) black hole production for certain M . To obtain this we follow the above steps, but generate mock observations from SM-only processes. The test statistic is defined as the inverse of Eq. (17), i.e.
with the same likelihood functions as above. Comparing with Fig. 10 we find, unsurprisingly, that more observations are required to exclude BHs than discover them at the same confidence level, since a BH may lead to more extreme values of observables where the probability of SM is small, while the reverse is not true. We also show the total expected number of SM observations in IceCube-Gen2 and STRAW/P-ONE with horizontal lines. IceCube-Gen2 allows for the exclusion of BH with M < 4.3 TeV at 3σ and STRAW/P-ONE pushes the limit to 6 TeV. 
VI. VACUUM INSTABILITY
Several authors have explored the potentially catastrophic consequences of black hole evaporation in the context of Higgs vacuum metastability [84] [85] [86] [87] [88] [89] [90] [91] [92] . If our Higgs vacuum is indeed metastable, then there exists an instability scale Λ I (typically estimated to be ∼ 10 19 − 10 20 eV) above which the Higgs quartic coupling term becomes negative. This opens up the possibility for stochastic vacuum decay via a tunneling event, for which the decay timescale is, in general, expected to be much longer than the age of the Universe [93, 94] . However, this decay time can be dramatically reduced in the presence of an evaporating black hole, if the initial mass of the black hole is above the instability scale. In [12] , the authors showed that this can be used to place constraints on extra dimensional theories in which cosmic ray collisions can create black holes. Similarly, black holes created through the collision of astrophysical neutrinos with nuclei could, in principle, also create black holes of masses above Λ I . If these are observed via their unique signatures as described in the previous sections, their presence will constitute indirect evidence for new physics beyond the Standard Model (either associated with the extra dimensional theory or in addition to it) that provides Higgs potential corrections that stabilize the vacuum. If black holes are created in collisions with detector nucleons, this will be a sign that black holes are forming from collisions elsewhere in the cosmos with even higher CM collision energies, and that these, too, are unable to trigger vacuum decay. In this way, an observation of a black hole evaporation signature in a next-generation neutrino telescope would have implications for the ultimate stability of our cosmos in addition to providing clues about the dimensionality of spacetime.
VII. CONCLUSIONS

A. Signatures of new physics
Astrophysical neutrinos can reach energies up to tens of EeV. In the presence of large extra dimensions, microscopic black holes can be produced in neutrino-nucleus scattering if the center of mass energy of the collision is above the Planck scale in the bulk. This opens up a myriad of possibilities in the next generation of neutrino telescopes. For the first time, we have investigated the new signatures of black hole production and decay in future telescopes such as IceCube-Gen2.
• Flavor composition. We first examined how the flavor composition of high energy neutrinos detected at the Earth could change due to the production of black holes. We focused on neutrino energies between 20 PeV and 10 EeV with a minimum energy deposition of 20 PeV and built the likelihood based on the number of shower, track and double bang events in 10 years of IceCube-Gen2 run. We stress that we include tau tracks and double bangs in the analysis, aiming at a complete flavor composition reconstruction framework at ultra high energies. With the assumption of BH production with M = 3 TeV and 6 extra dimensions, we find the purely tau neutrino case would be strongly disfavored due to the lack of double bangs in BH events and the flavor contour would prefer mostly muon neutrino scenario. The (1:1:1) flavor ratio in that scenario is excluded at 95% CL.
• Track muon-to-shower ratios. We also show the signatures of tracks and double bangs from BH production. We have shown that the tracks feature a lower muon energy-to-shower energy ratio in the BH case compared with SM ν µ CC, regardless of M , since muons from Hawking radiation carry only a fraction of BH energy.
• Double bang energy cascade ratios. When this applies to double bang events, we find BH decay suppresses the energy ratio between the second shower and the first shower, resulting in a large energy asymmetry factor E A contrasted with SM ν τ CC.
• Unique topologies. We also find that BH production may lead to unique topologies that do not exist in the SM: the multitrack, the n-bang, the kebab and the double black hole bang. These are described in Sec. III C and, if seen, may be a clear sign of new physics.
• Cherenkov light timing. In addition, the time evolution of Cherenkov light enables us to break the degeneracy between SM and BH in shower events. We have simulated the propagation of different particles in ice to obtain the timing information. We find that the neutron echo-to-primary peak ratio of a hadron falls onto a single Hadron Line, which is roughly 10 times larger than the ratio of electrons and photons. We then built a new variable to quantify the distance of peak ratio to the Hadron Line. We found that NC events cluster above the hadron line and ν e CC are found below, while BH events lie in between.
B. Exclusion and detection prospects
To forecast the power of future detectors to test extra dimension models, we computed the number of observed high energy neutrino events required to discover or exclude black hole production as a function of the Planck scale M based on the BH shower, track, and double bang signatures discussed above. We found for M < 5.1 TeV, IceCube-Gen2 can resolve BH production at 3σ CL within 10 years. A fully upgraded Pacific ocean detector with a 50 km 3 effective volume will be sensitive to M < 6.9 TeV. In terms of exclusion, the limits are 4.3 TeV and 6 TeV instead. See Table IV for a summary of our projected limits. We note that it could be challenging to distinguish muon tracks from tau tracks merely from topology. Nonetheless, muons and taus suffer from different energy loss when propagating, where the average energy loss rate of a tau is typically one order of magnitude lower than that of a muon at energies above 10 TeV [95] . This is to say, tau track events from the SM are characterized by a lower E tr /E sh energy ratio than muon tracks. Therefore, full energy dependent analyses of the track-to-shower energy ratio combining ν µ CC and ν τ CC, in cases in which black hole production is present or not, are desired. This is left for future work.
We have focused on future "plum-pudding" configuration IceCube-like Cherenkov telescopes. Other types of experiments are also planned. The IceCube-Gen2 radio array [96] should have an effective volume 20 times larger than IceCube-Gen2. Although the muon track energy and time evolution of Chenrenkov light are not available in the radio detector, radio telescopes are still a powerful tool to determine the shower energy ratio in double bang events, which can be complementary to IceCube-Gen2 BH searches. Neutrinos may interact right below the horizon or inside 3) STRAW/P-ONE < 6.9 (< 5.9) < 6.0 (< 5.0) TABLE IV. Projections for the 6-extra-dimension fundamental scale that can be detected or excluded with upcoming experiments. We consider detectors with the proposed properties of IceCube-Gen2 and STRAW/P-ONE with 10 years of running time. See Figure 10 for discovery limits and 11 for exclusion limits for a range of fundamental scales.
mountain ranges, producing tau leptons which leave the rock and subsequently decay in the air. These neutrinos are called Earth-skimming neutrinos. Gamma ray and Cherenkov telescopes like MAGIC [97] , HAWC [98] , Pierre Auger Observatory [99] , the planned EUSO-SPB2 and POEMMA [100] are sensitive to the Cherenkov emission induced by air showers from tau decay, and future radio telescopes, e.g. GRAND [101] , are able to detect the radio emission from shower originating from Earth-skimming neutrinos with unprecedented sensitivity. We stress that these neutrino telescopes will considerably enlarge the effective volume for BH n-bang search and thus improve the sensitivity for BH discovery. A detailed analysis is also left for further work. If LEDs exist in nature, the next generation of neutrino telescopes could allow us a glimpse beyond our fourdimensional brane. With a plethora of new and unique phenomena, the observation of microscopic black holes in neutrino-nucleon interaction is not only interesting in itself, but also opens up the window to new physics above the Planck scale, including insights into the stability of the Standard Model. Near future neutrino and cosmic ray telescopes may shine light on its mystery, and enable us to explore the dimensions beyond the scope of our world.
Taus from ν τ CC events can also leave a track. This can be realised either when the tau decays to a muon or when it escapes the detector without decaying. The number of track events from ν τ CC is also given by Eq. (5) but the total cross section is instead
where E τ min = 5 PeV is the minimum energy of the τ , f µ = 0.174 is the branching ratio of a tau decaying into muons, and P esc is the probability for the tau to leave the detector. In IceCube-Gen2, which we model as a 7.9 km 3 cylindrical detector with a height of 1.25 km and a radius of 1.42 km, the criterion for a partly contained tau track is roughly
where t is the lifetime of a τ in the boosted frame and L = 967 m is the average distance the tau travels before leaving the detector. L is obtained from Eq. (22) of Ref. [58] without the dust zone. The boost factor γ =Ē τ /m τ with the average tau energy is given bȳ
and m τ = 1.78 GeV is the mass of tau. The lifetime t follows the distribution
where τ 0 = 2.91 × 10 −13 s is the average lifetime of tau at rest. This yields P esc (E ν ) = exp − t tr γτ 0 .
(A6) Double Bang. A "double bang" signature is produced when the tau created from a ν τ charged current interaction decays electronically or hadronically inside the detector, which makes a visible second shower. We require the tau to travel farther than 100 m before it decays to clearly separate the second shower from the primary one [64] . Following [65] we construct the energy asymmetry E A = (E 1 − E 2 )/(E 1 + E 2 ) where E 1 and E 2 are the energy of the first and second showers. We require −0.98 ≤ E A ≤ 0.3. Another criterion is that the minimum deposited energy must be at least 20 PeV, i.e. E 1 + E 2 > 20 PeV. In Eq. (5) the cross section of double bang events from ν τ CC interactions is σ ντ N →db (E ν ) = 
where dn/dz is the energy distribution of the daughter neutrino or electron in the tau decay [102] and
The energy of the primary shower E 1 = E ν y while the energy of the second shower depends on the decay channel; E 2 = E ν (1 − y)(1 − z) for a hadronic decay and E 2 = E ν (1 − y)z if the tau decays to an electron or positron instead. We neglect the energy loss when the tau propagates before decay. The probability for a tau to travel farther than 100 m and decay in the detector is
